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The objective of this project was to develop simple yet realistic models of Greenland outlet glaciers to

better understand ongoing changes and to identify possible causes for these changes.

Several approaches can be taken to evaluate the interaction between climate forcing and ice dynamics,

and the consequent ice-sheet response, which may involve changes in flow style. To evaluate the ice-

sheet response to mass-balance forcing, Van der Veen (Journal of Geophysical Research, in press) makes

the assumption that this response can be considered a perturbation on the reference state and may be

evaluated separately from how this reference state evolves over time.

Mass-balance forcing has an immediate effect on the ice sheet. Initially, the rate of thickness change

as compared to the reference state equals the perturbation in snowfall or ablation. If the forcing persists,

the ice sheet responds dynamically, adjusting the rate at which ice is evacuated from the interior to the

margins, to achieve a new equilibrium. For large ice sheets, this dynamic adjustment may last for

thousands of years, with the magnitude of change decreasing steadily over time as a new equilibrium is

approached. This response can be described using kinematic wave theory. This theory, modified to

pertain to Greenland drainage basins, was used to evaluate possible ice-sheet responses to perturbations in

surface mass balance. The reference state is defined based on measurements along the central flowline of

Petermann Glacier in north-west Greenland, and perturbations on this state considered. The advantage of

this approach is that the particulars of the dynamical flow regime need not be explicitly known but are

incorporated through the parameterization of the reference ice flux or longitudinal velocity profile.

The results of the kinematic wave model indicate that significant rates of thickness change can occur

immediately aider the prescribed change in surface mass balance but adjustments in flow rapidly diminish

these rates to a few cm/yr at most. The time scale for adjustment is of the order of a thousand years or so.



This resultsuggeststhat, if theobservedongoingthicknesschangeson the GreenlandIce Sheetarein

responseto changesin surfacemassbalance,it maybeexpectedthattheratesof thicknesschangewill

decreaseoverthenextfewyears.However,thereis nosupportingclimatologicalevidencefor important

changesin snowfalland/orablation(sufficientlylargeto leadto thicknesschangesof the observed

magnitudes).Van derVeen(in press)concludesthat,in all likelihood,the icesheetis dynamically

adjustingto otherforcings,whichmayincludeinternalinstabilities.

Implicitly, in formulatingthekinematicwavemodel,theassumptionis madethat theperturbations

remainsufficientlysmallsoasnottoaffectthedynamicsof thereferencestate,andrapidswitchesin flow

styleare precludeda priori from the analysis. To investigatethe JakobshavnEffect, a modelthat

incorporateslongitudinalstressgradientsandothersourcesofflow resistance,is needed.TheJakobshavn

Effectisbelievedto beinitiatedby increasedcalvingfromthefloatingoutletglaciers.Thus,a first step

in studyingthis instabilitymechanismisto assesshowlargecalvingeventsaffecttheflow upglacierand,

in particular,whethersuchaneventleadsto increasedstretching.Thenextstepis to evaluatehowany

perturbationsoriginatingon thefloatingportionaretransmittedacrossthegroundingline andwhatthe

possibleconsequencesfor drainagefromtheinteriormaybe.Thisfurthermodellingis themainobjective

of thecontinuingprojectNAG5-10978.

To betterunderstandfracturingandicebergcalving,areviewof observationsispresentedby Vander

Veen (1999; publishedin 2000)and Van der Veen (Progressin PhysicalGeography,in press).
Observationson crevasseorientationrelativeto principalstressor strain rateshowsthat in many

instances,crevassesarenotalignedin theoptimumdirectionperpendicularto thedirectionof principal

tensilestress. Moreover,a numberof studiesreporttheoccurrenceof strike-slipmotion,with the

crevassewallsmovingparallelto eachother.Theseobservationscannotbeexplainedbytheconventional

modelfor crevasseformation,introducedoveracenturyagobyWilliamHopkins.Instead,VanderVeen

(1999)proposesthat crevassesarethemanifestationof mixed-modefracturing,combiningtheopening

modeusuallyassociatedwith crevassing,with theshearingmode,which is equivalentto strike-slip

faulting. In a biaxiaicrevassefield,thecrevassewill tendto orientitself in theoptimumdirection,thus

minimizingthe shearingmotion,but this directionis achievedasymptotically.This meansthat on

glacierssubjectto tensionandlateralshear,theorientationof crevassesmaydifferbyupto 20° fromthe

optimumdirection. Further,by incorporatingthe shearingmode,the depthto which fracturescan

penetratemaybesignificantlylargerthanfor theopeningmode.Theweight-inducedlithostaticstress

increaseswith depthbelowthesurface,sothatat somedepth,thewallsof a crevassecannotphysically



separate.However,it is possiblethat theshearingmodeactsovergreaterdepths,thusallowingthe

fractureto penetratedeeperwithoutseparationof thefracturesurfaces.Thismightexplainwhy,onsome

glaciers,crevassetracespersistwell intotheablationarea,wheresurfacemeltingshouldhaveobliterated

all visibletracesof crevassesformedupglacier,if thesecrevassespenetratedonlya fewtensof meters,as

predictedfor theopeningmode.
Basedona reviewof observationsondifferenttypesof calvingglaciers,VanderVeen(Progressin

PhysicalGeography,in press)proposesasimplecalvingmodel.Glaciersthatexistina sufficientlycold

climatecanform floatingiceshelvesandicetonguesthattypicallydonotextendbeyondconfinements

suchaslateralfjordwallsormountains,andicerises. If thelocalclimateexceedsthethermallimit of ice

shelfviability,asis thecasefor temperateglaciers,nofloatingtonguecanbemaintainedandtheposition

of theterminusis determinedby thethicknessinexcessof floatation.If thesnoutis sufficientlythick,a

stableterminuspositionatthemouthoftheconfiningfjord- usuallymarkedbyaterminalshoal- canbe

maintained.Furtheradvanceis notpossiblebecauseof increasingsea-floordepthanddivergingflow

resultingfrom lackof lateralconstraints.If amassbalancedeficiencycausestheterminalregiontothin,

retreatis initiatedwith the calving front retreatingto wherethe thicknessis slightly in excessof

floatation.In thatcase,thecalvingrateisdeterminedbyglacierspeedandthicknesschangeat theglacier

snout. Advance and retreat of the calving front is not driven by changes in calving rate, as in the

conventional model, but by flow-induced changes in the geometry of the terminal region. This model is

essentially different from prior suggestions in which some empirical relation - most commonly the water-

depth model - is used to calculate calving rate and the rate of retreat or advance of the terminus.

Accumulation at the glacier surface is an important forcing for glacier evolution. Van der Veen and

others (Journal of Geophysical Research, in press) applied multivariate regression methods to

measurements of accumulation covering much of the interior of the Greenland Ice Sheet to evaluate the

important factors that describe the current distribution of accumulation. Predictor variables considered in

the regression are geographical coordinates and three independent factors describing the geometry of the

ice sheet. The results indicate that most of the variance in the data is explained by the combined effect of

large-scale atmospheric circulation and ice sheet topography. This finding implies that climate change

scenarios in which changes in accumulation are mostly associated with changes in temperature or some

other parameter may only be correct if the pattern of atmospheric circulation remains unaltered.

Comparison with values predicted with a precipitation retrieval model are favorable, suggesting that the

model captures the most important features of Greenland precipitation.



Finally, Van der Veen (Globaland Planetary Change, in press) evaluates how well the future

contribution of polar ice sheets to global sea level can be predicted. Geophysical models are based on

hypotheses that are often derived from theoretical arguments or from observations, or a combination of

both. Owing to the open nature of geophysical systems, these models cannot be verified in the sense that

it cannot be proven that the model is an accurate representation of the physical reality. At best these

models can be confirmed by comparing model predictions against independent observations. The more

such observations the model agrees with, the greater confidence can be placed in the model and its

reliability as a basis for decision making. A review of mass balance models used to predict past and

future contributions to global sea level change arising from changes in snow accumulation and surface

ablation on the polar ice sheets is presented by Van der Veen (in press). Observations on which these

models are based are ambiguous and there is evidence suggesting that these models do not capture all

relevant physical processes, some of which - such as changes in atmospheric circulation patterns - may

have an equally important effect on changes in surface mass balance as does the direct temperature

forcing. In the context of greenhouse-warming-induced sea level change, uncertainties in model

parameters are sufficiently great to yield a range of projected contributions from Greenland and

Antarctica that encompass sea-level lowering and rise in 2100 AD. for each of the warming scenarios

considered. The uncertainty associated with ice sheet mass balance parameterizations is of similar

magnitude as that associated with temperature projections.
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